cDNA clones complementary to the 3"-terminal regions of the genomic RNAs of the carlavirus lily symptomless virus and the potexvirus lily virus X (LVX) have been sequenced. The carlavirus RNA sequence contains five open reading frames (ORFs) coding for proteins of Mr 25 374, 11631, 6960, 32 041 (coat protein) and 16121, which are all very similar in size, amino acid sequence and relative position in the genome to proteins encoded by two different potato carlaviruses. The first four of these proteins also show considerable amino acid sequence similarity to proteins encoded by RNA of potexviruses, and the relative position of the ORFs on the carlavirus genome strongly resembles that in the potexvirus genomes. The LVX cDNA clone contains three ORFs encoding proteins of Mr 23574, 11767 and 21569 (coat protein). A small ORF immediately 5' of the coat protein ORF, which has been found in other potexvirus genomes, is not present in the LVX genome. Thus, the data confirm the close taxonomic relationship between carlaviruses and potexviruses and reveal some differences in genome organization among the potexviruses.
Introduction
Lily symptomless virus (LSV), based on its particle morphology, transmission by aphids and serological relationships with other carlaviruses (Allen, 1972; Koenig, 1982) , is a definitive member of the carlavirus group of plant viruses. Carlavirus particles are slightly flexuous filaments with a length of 610 to 700 nm (Koenig, 1982) . The viral genome consists of one molecule of ssRNA and is encapsidated by a single type of coat protein with an Mr of 31000 to 34 000. Recently, partial nucleotide sequences of two carlaviruses from potato, potato virus S (PVS; MacKenzie et al., 1989) and potato virus M (PVM; Rupasov et al., 1989) have been reported. These sequences show the presence of several open reading frames (ORFs) in the 3'-terminal half of the carlavirus genome that are organized similarly to cistrons in the potexvirus genome and encode putative proteins with homology to those of the potexviruses. A striking difference is the presence of an ORF for a small (11K) protein at the extreme 3' end of the carlavirus genome that has no counterpart in potexvirus RNA.
The 470 to 580 nm long filamentous potexvirus particles are composed of a single type of coat protein of Mr 18000 to 27000 (Koenig & Lesemann, 1978) , which encapsidates a single molecule of 5' capped (Sonenberg et al., 1978) and 3' polyadenylated (Morozov et al., 1983; AbouHaidar, 1983) positive-stranded RNA. Complete nucleotide sequences of the potexviruses potato virus X (PVX; Huisman et al., 1988) , narcissus mosaic virus (NMV; Zuidema et aL, 1989) , white clover mosaic virus (WCIMV; Forster et al., 1988) and partial sequences of papaya mosaic virus (PMV; AbouHaidar, 1988) , potato aucuba mosaic virus (PAMV; Bundin et al., 1986 ) and clover yellow mosaic virus (CYMV; AbouHaidar & Lai, 1989) have been reported. Five conserved ORFs are present in these potexvirus genomes and, although none of the putative non-structural proteins has yet been identified in vivo, different T-coterminal subgenomic RNAs that could serve as messengers for these proteins and for the coat protein have been detected in infected tissue (Short & Davies, 1983; Guilford & Forster, 1986; Bendena et al., 1987; Dolja et al., 1987; Forster et al., 1987) .
In this paper we present partial nucleotide sequences of the carlavirus LSV and of lily virus X (LVX), a potexvirus from lily plants (Stone, 1980) , and compare their genome organizations and the deduced amino acid sequences of the encoded proteins with each other and also with those of other carla-and potexviruses.
Methods
Viral RNA isolation and cDNA cloning. LVX virions were purified from leaves after meristem culture and propagation of naturally infected Lilium hybrid cv. Napoli (Derks & Vink-van den Abeele, 0000-9284 O 1990 0000-9284 O SGM 1980 . A purified virus preparation from L. longiflorum cv. Flevo, naturally double-infected with a lily variant of tulip breaking virus and LSV, was used for the isolation of viral RNA. Viral RNA was subsequently extracted as described (Zuidema et al., 1989) . Oligo(dT)-primed cDNA synthesis on viral RNA and cloning in lambda gtl 1 were performed essentially as described (Gubler & Hoffman, 1983; Young & Davies, 1983) . In brief, double-stranded eDNA was treated with EeoRI methylase, ligated to EeoRI linkers, EcoRI-digested and ligated to EeoRI-cleaved lambda gtll arms. Packaged recombinant phage DNA was plated on Eseheriehia eoli strain Y1090.
Isolation and analysis of cDNA clones. The cDNA libraries were screened with 100-fold diluted polyclonal antisera as described (Young & Davies, 1983) . The antisera directed against purified virions were raised in rabbits and had titres of 1:1280 in microprecipitin tests (Derks & Vink-van den Abeele, 1980) . Rescreening of the libraries with radioactively labelled eDNA (sub-) fragments and isolation of lambda DNA were done essentially as described (Maniatis et al., 1982) . cDNA inserts were (sub-) cloned into M13 tg130/131 vectors (Kieny et al., 1983) and dideoxynucleotide sequencing was done as described by Sanger et al. (1977) . The nucleotide sequences of all cDNA clones in Fig. 1 were determined from at least one DNA strand. The nucleotide sequences in Fig. 2 and 3 were determined from both DNA strands in at least one cDNA clone. All nucleotide sequence data were collected, assembled and analysed with a VAX computer fitted with the Genetics Computer Group sequence analysis software package (Devereux et al., 1984) .
Lily RNA isolation and Northern blot hybridization. Isolation of total RNA from virus-infected lily leaves, poly(A) enrichment of RNA using oligo(dT) columns, RNA gel electrophoresis, gel blotting on nylon membranes and hybridization with 32p.labelled subfragments of LVX or LSV cDNA clones were performed as described (Memelink et al., 1987) .
Results

Isolation and sequencing of viral cDNA clones
Double-stranded cDNA was cloned into lambda gtl 1. Clones LVX-X20 and LVS-S2 containing part of the coat protein ORF (Fig. 1) were isolated by screening the libraries with rabbit antisera raised against purified virions. The larger clones LVX-X31 and X39, and LSV-$6 and $34 (Fig. 1) were selected by rescreening the libraries with the primary clones. Fig. 2 and 3 show the nucleotide sequences of cDNA clones LVX-X39 and LSV-S34, with a length of 2343 bp and 2613 bp, respectively, excluding the poly(A) tracts and EcoRI linkers. Both for LSV and LVX limited sequence variation was found in overlapping clones as indicated in Fig. 2 and 3 . At the 3' end a poly(A) stretch was present in all clones.
ORFs in the LVX and LSV sequences
The LVX clone X39 contains three ORFs ( the coat protein, since the fusion protein encoded by lambda gtl 1 clone X20 reacted with LVX antiserum and also because of the amino acid sequence homology to the other potexvirus coat proteins described below. A truncated ORF beginning at the 5' end of the cloned sequence terminates upstream of the 24K ORF (Fig. 1 ). An ORF present from positions 1928 to 2137, in another reading frame underneath the coat protein ORF, could encode a highly basic protein of 7.5K. Small ORFs in reading frames overlapped by coat protein ORFs have been found with the potexviruses, NMV, WC1MV (Zuidema et al., 1989) and tobacco rattle virus (Angenent et al., 1989 ), but it is not known whether they are expressed.
The LSV clone $34 contains five ORFs (Fig. 1 ) encoding proteins of Mr 25 374 (25K), 11631 (12K), 6960 (7K), 32041 (32K) and 16121 (16K). The 32K cistron encodes the coat protein, since the fusion protein encoded by lambda gtll clone $2 reacted with LSV antiserum. The 12K ORF overlaps the 25K ORF at its 5' end and the 7K ORF at its 3' end, whereas the 16K ORF is located at the extreme 3' end of the LSV genome and partially overlaps the 32K ORF (Fig. 1) . Upstream of the 25K ORF is a truncated ORF starting 5' to the cloned sequence. All other ORFs in this 3'-terminal region of the plus-strand of LSV would encode peptides smaller than 5K. The minus-strands in this region of the genomes of both LSV and LVX do not contain ORFs for proteins of more than 10K. 
Similarities between LSV, L VX and other potex-and carlaviruses
The LVX-encoded proteins show significant amino acid sequence similarity to the corresponding proteins encoded by other potexviruses (Fig. 4) (Fig. 4) .
The results of a comparison of the different encoded proteins of the carlaviruses LSV, PVS and PVM is shown in Table 1 and the similarity percentages found are considerably higher than those obtained from comparisons of different members of the potexvirus group (Zuidema et al., 1989) . The corresponding identity percentages are also given.
Extensive similarities also became apparent when LSV was compared to LVX and other potexviruses. Not only are the relative positions of the 25K, 12K, 7K and 32K ORFs remarkably similar to the potexvirus genome organization, but there are also significant similarities in the amino acid sequences of the encoded proteins (Fig.  4 ). An example of these similarities is given in Fig. 5 
CATACACCTTTC~CT TC~GATTC~GAGAGCATCACTC-GTGTCCGGAT TAAGAAAC, CTC The rows marked Potex and Carla between the two sets of sequences show amino acids that are identical in three out of seven potexvirus sequences or two out of three carlavirus sequences, respectively. These residues are indicated by lower case letters. Amino acids that are identical in all seven potexvirus sequences or in all three carlavirus sequences, are represented by upper case letters. The overall homology between the two consensus sequences is indicated by bars between identical and conserved residues. ing potexvirus proteins, as has also been shown for PVS (MacKenzie et at., I989) and PVM (Rupasov et al., 1989) . Using the UWGCG GAP program fitted with the Dayhoff matrix (Schwartz & Dayhoff, 1979) , which calculates the percentage of similarity based on identical and conserved residues in protein sequences, the overall amino acid sequence similarities between the 25K, 12K, 7K and 32K proteins of LSV and the corresponding NMV proteins are 52%, 52%, 43~ and 47~o, respectively. These values are very close to those found when the NMV proteins are compared with the corresponding proteins from other potexviruses (Zuidema et al., 1989) . When unrelated sequences were compared using this computer program a background value of approximately 30% was found. For the N-terminal part of the LSV 25K protein the similarity includes a putative nucleoside triphosphate binding motif GXXGXGKS/T,~ also found in the LVX 24K protein and other potexvirus 25K to 26K proteins (Huisman et al., 1988; Zuidema et al., 1989; Forster et al., 1988; Skryabin et al., 1988 ).
An important difference between LSV and the potexviruses is the presence of an additional ORF at the 3' end of the LSV genome (Fig. 4) and although this putative protein is similar in sequence to the l lK proteins of PVS and PVM (Table 1) , no similarities between these carlavirus proteins and (putative) proteins of other viruses have yet been found.
Similarities between the nucleotide sequences of LSV, L VX and potexvirus RNAs
The putative potexvirus subgenomic promoter sequence GGTTAAGTT---GAA, which is found upstream of the initiation codons of the 25K to 26K and coat protein ORFs (Huisman et al., 1988; Zuidema et al., 1989; Forster et al., 1988; Skryabin et al., 1988) , is also present in the LVX sequence 5' to the 24K and coat protein ORFs (data not shown). In poly(A)-enriched RNA of LVX-infected lily leaves subgenomic RNAs of approximately 2000 and 850 nucleotides.(nt) were observed(data not shown). The lengths of these transcripts correspond very well to the positions of the putative subgenomic promoters. The fact that the subgenomic RNAs are polyadenylated strongly suggests that they serve as messengers for the 24K protein and the coat protein.
A sequence similar to that of the potexvirus subgenomic promoter has been identified in front of the 25K and coat protein cistrons of PVM (Rupasov et al., 1989) . However, in the LSV sequence this putative promoter was not observed, but another unrelated sequence was found upstream of the 25K and coat protein ORFs (Fig.  6 ). Using methods similar to those used for~LVX we were unable to detect subgenomic RNAs in ES¥-infected lily leaves (data not shown). 
Discussion
Here we report on extensive similarities both in the genome organization and in the amino acid sequences of the encoded proteins between the~carlavirus LSV, the potexvirus LVX and other carla-and potexviruses for which nucleotide sequence-data have recently become available.
Differences between LSV and potexviruses are the relatively large size of the coat'protein and the presence of an additional ORF at the extreme 3' end of the genome: The finding of this 16K ORF underlines the relevance of similar ORFs in the genomes of the carlaviruses PVS and PVM, Since, in general, potexviruses spread exclusively by' mechanical transmission (Koenig & Lesemann, 1978) , whereas carlaviruses are transmitted by mechanical contact as well as by aphids (Koenig, 1982) , either the 16K protein or the N-terminal extension of the coat protein of the carlaviruses may play a role in vector transmissibility.
The lack of a 7K to 11K ORF immediately 5' to the coat protein cistron of LVX is surprising, in view of the results reported for six other potexviruses (Huisman et al., 1988; Zuidema et al., 1989; Forster et al., 1988; AbouHaidar, 1988; Bundin et al., 1986; AbouHaidar & Lai, 1989) . The LVX sequence has an untranslated region of 137 nt between the 12K ORF and coat protein ORF, which corresponds to a region where the 7K to IlK ORFs of other potexviruses are located. Furthermore, the LVX sequence contains an uninterrupted reading frame beginning at position 1236 and terminating at position 1646, which, if translated, would encode a peptide with some similarity to the 7K to 11K putative proteins of potexviruses. However, apart from missing an initiation codon, this reading frame would end with the TGA stop codon 18 nt inside the coat protein ORF; none of the other potex-or carlavirus 7K to 11K ORFs overlaps with the coat protein cistron. There were no evident differences with other LVX infections, but we cannot dismiss the unlikely chance that the meristem culture propagation of the lily host resulted in virus derived from only one (mutated) LVX RNA molecule, nor can we completely rule out the possibility that the two clones sequenced were unrepresentative of the LVX RNA population.
It has been pointed out that the PVX 8K and 12K proteins contain blocks of uncharged amino acids resembling membrane-spanning domains and might therefore be involved in cell-to-cell movement of the virus (Morozov et (1989) are strong arguments for placing the carlaviruses and the potexviruses in one taxonomic group, despite the differences in particle morphology and virus transmission. Such a decision awaits the sequencing of a complete carlavirus genome, to confirm that the 5' non-cloned part encodes the putative replicase.
